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A B S T R A C T   

Introduction: Exhaustion Disorder (ED) is a stress-induced disorder, characterized by extreme fatigue, cognitive 
impairments, and intolerance to stress. These symptoms can be long-lasting, suggesting that the long-term stress 
may have initiated pathophysiological processes in the brains of patients with ED. The aims of the study were I) 
to investigate if plasma levels of neurofilament light (NfL), glial fibrillary acidic protein (GFAP), and phos
phorylated tau (p-tau181) differ between patients with ED and healthy controls, and II) to investigate if these 
differences persist over time. 
Method: Plasma NfL, GFAP and p-tau181 were quantified in 150 patients with ED at the time of diagnosis 
(baseline), 149 patients at long-term follow-up (7–12 years later, median follow-up time 9 years and 5 months), 
and 100 healthy controls. 
Results: Plasma levels of NfL and GFAP were significantly higher in the ED group at baseline compared with 
controls (mean difference of NfL 0.167, 95 % CI 0.055–0.279; mean difference of GFAP 0.132, 95 % CI 
0.008–0.257), while p-tau181 did not differ between the groups. Plasma levels of NfL were significantly lower in 
the ED group at follow-up than in the same group at baseline (mean difference − 0.115, 95 % CI − 0.186- 
(− 0.045)), while plasma levels of GFAP did not differ between the groups, and plasma levels of p-tau181 were 
significantly higher in the ED group at follow-up than in the same group at baseline (mean difference 0.083, 95 % 
CI 0.016–0.151). At follow-up, there were no significant differences between the ED group and the control group 
for any of the proteins. 
Conclusion: Plasma levels of NfL and GFAP were increased in patients with ED during the first months of the 
disease, indicative of axonal and glial pathophysiological processes, but had normalized at long-term follow-up.   

1. Introduction 

Long-term sick leave due to psychiatric diagnoses has increased in 
many countries, including Sweden, and psychiatric diagnoses are now 
the most common cause of long-term sick leave (Försäkringskassan 
[The Swedish Social Insurance Agency], 2020). In Sweden, stress- 
related mental disorders have increased the most, and among these, 

exhaustion disorder (ED) is the most common diagnosis 
(Försäkringskassan [The Swedish Social Insurance Agency], 2020). ED 
is a stress-induced disorder characterized by physical and mental 
symptoms of exhaustion, markedly reduced mental energy, memory 
impairment, sleep disturbance, emotional instability, and intolerance 
to stress (National Board of Health and Welfare, 2003). The symptoms 
of ED and burnout are overlapping and most patients with ED also 
report high burnout scores (Jonsdottir et al., 2009). In addition, 
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comorbid anxiety and depression are common (Glise et al., 2012). The 
diagnostic criteria were established by the Swedish National Board of 
Health and Welfare in 2003 and ED was assigned the code F43.8A in 
the Swedish version of ICD-10. 

Patients fulfilling criteria for ED often report long-lasting problems 
(Glise et al., 2020), with sustained symptoms of stress intolerance, fa
tigue, memory problems (Glise et al., 2020; Stenlund et al., 2012), and 
cognitive difficulties (Ellbin et al., 2021), resulting in long-term sick-
leave (Grossi and Santell, 2009; Stenlund et al., 2012). These 
long-lasting symptoms of fatigue and cognitive impairment poses the 
question whether the brain has been injured in patients with ED and, if 
so, whether the injury is permanent or not. Therefore, we have inves
tigated three markers of brain injury or disease: neurofilament light 
(NfL), glial fibrillary acidic protein (GFAP), and tau phosphorylated at 
threonine 181 (p-tau181). NfL is one of the components of the axonal 
cytoskeleton. Upon axonal injury, NfL leaks out into the extracellular 
fluid, and the levels of NfL in body fluids reflect the extent of axonal 
damage. Increased NfL levels in the cerebrospinal fluid (CSF) is a general 
marker of neurodegeneration (Rosengren et al., 1996). Newer methods 
have made it possible to measure NfL also in blood, and the correlation 
between plasma NfL and CSF NfL is very high (Gisslen et al., 2016). 
GFAP is an intermediate filament protein that is mainly expressed in 
astrocytes. In response to brain injury and disease, astrocytes become 
reactive and rapidly increase the synthesis of GFAP (Middeldorp and 
Hol, 2011). GFAP is thus a biomarker of astrocyte injury and activation, 
measurable in blood and in CSF. Blood levels of GFAP correlate with 
clinical severity in, e.g., traumatic brain injury (TBI) (Abdelhak et al., 
2022). Tau is a protein that is essential for microtubule assembly and 
stabilization, located in the neuronal axons (Weingarten et al., 1975). 
The concentration of phosphorylated tau reflects the formation of 
neurofibrillary tangles, which is a core pathological feature of Alz
heimer’s disease (Blennow and Hampel, 2003). While NfL is a general 
marker of neurodegeneration, p-tau181 is a highly specific biomarker 
for Alzheimer’s disease, which can be measured both in CSF (Skillback 
et al., 2015) and in blood (Karikari et al., 2020). Hence, NfL was 
quantified to investigate if long-term stress may induce neuro
degeneration, GFAP was quantified to investigate if long-term stress may 
induce astrocytic activation, and p-tau181 was quantified to investigate 
if long-term stress may induce Alzheimer-like pathological alterations. 
The aims of this study were (I) to investigate if plasma levels of NfL, 
GFAP and p-tau181 differ between patients with ED and healthy con
trols, and (II) to investigate if these differences persist over time. 

2. Method 

2.1. Study population 

This study is part of a longitudinal study conducted at the Institute of 
Stress Medicine (ISM), which is a specialist outpatient clinic for patients 
with ED, located in Gothenburg, Sweden. The patients were referred to 
ISM from primary care units or occupational health care centers, 
because of plausible ED. All patients included in the study were judged 
by a senior physician at the clinic to fulfill the criteria for ED (Table 1), 
and hence diagnosed with ED at their first visit to the clinic (baseline). 
According to the diagnostic criteria, patients with other medical con
ditions that plausibly could explain the fatigue were excluded. So were 
also patients with alcohol or drug abuse and patients with psychiatric 
illness other than depression and anxiety. Depression and anxiety were 
assessed using the Primary Care Evaluation of Mental Disorders (PRIME- 
MD) instrument (Spitzer et al., 1994). Before consulting the physician, 
the patient completed a one-page PRIME-MD patient questionnaire that 
covers questions on somatic as well as mental symptoms. Affirmative 
responses were followed-up by the physician in a structured interview 
conforming to the criteria of the Diagnostic and Statistical Manual of 
Mental Disorders, Fourth Revision, for diagnostic assessment of 
depression and anxiety disorder. The diagnostic procedure has been 
described in detail previously (Glise et al., 2012). To be included in the 
study, patients should not have been on sick leave for more than 6 
months. The treatment at ISM lasted for approximately 18 months and 
has previously been described in detail (Glise et al., 2012). In brief, the 
patients were offered a stress-reduction program, physical exercise, and 
monthly visits with the physician. Cognitive behavioral group therapy 
for insomnia, individual psychotherapy, and/or antidepressant medi
cation was offered when needed. Also, communication with the Social 
Insurance Office and the employer was facilitated. Following treatment 
at the clinic, all patients that had passed seven years or more since their 
first visit to the clinic were invited to participate in a follow-up clinical 
assessment, including assessment of residual stress-related exhaustion. 
In total, 163 patients agreed to participate in the follow-up clinical 
assessment. The patients that agreed to participate (included in clinical 
assessment, n = 163) were significantly older at baseline (mean age 44 
years, SD 9.6) than the patients that were eligible, but did not agree to 
participate or did not answer the invitation (drop-out group, n = 190) 
(mean age 41 years, SD 9.0, p = 0.003). There were also significantly 
more women in the participating group (77 %) than in the drop-out 
group (67 %, p = 0.041). The groups did not differ at baseline 

Nomenclature 

BDNF Brain-derived neurotrophic factor. 
BMI Body mass index. 
CI Confidence interval. 
CNS Central nervous system. 
CSF Cerebrospinal fluid. 
ED Exhaustion disorder. 
EGF Epidermal growth factor. 
GFAP Glial fibrillary acidic protein. 
HPA Hypothalamus-pituitary-adrenal. 
ISM Institute of stress medicine. 
NfL Neurofilament light. 
p-tau181 Tau phosphorylated at threonine 181. 
SD Standard deviation. 
TBI Traumatic brain injury. 
VEGF Vascular endothelial growth factor.  

Table 1 
Diagnostic criteria for exhaustion disorder according to the National Board of 
Health and Welfare (2003).   

A. Physical and mental symptoms of exhaustion with minimum two weeks duration. 
The symptoms have developed in response to one or more identifiable stressors 
which have been present for at least 6 months.  

B. Markedly reduced mental energy, which is manifested by reduced initiative, lack 
of endurance, or increase of time needed for recovery after mental efforts.  

C. At least four of the following symptoms have been present most of the day, nearly 
every day, during the same 2-week period:  
1. Persistent complaints of impaired memory.  
2. Markedly reduced capacity to tolerate demands or to work under time pressure.  
3. Emotional instability or irritability.  
4. Insomnia or hypersomnia.  
5. Persistent complaints of physical weakness or fatigue.  
6. Physical symptoms such as muscular pain, chest pain, palpitations, 

gastrointestinal problems, vertigo or increased sensitivity to sounds.  
D. The symptoms cause clinically significant distress or impairment in social, 

occupational, or other important areas of functioning.  
E. The symptoms are not due to the direct physiological effects of a substance (e.g., a 

drug of abuse, a medication) or a general medical condition (e.g., hypothyroidism, 
diabetes, infectious disease).  

F. IF. If criteria for major depressive disorder, dysthymic disorder or generalized 
anxiety disorder are met, exhaustion disorder is set a comorbid condition.  
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regarding self-reported symptoms of burnout, anxiety, or depression. At 
the follow-up clinical assessment, 13 of the 163 patients were excluded 
due to other conditions that could explain the fatigue, 51 patients still 
fulfilled the diagnostic criteria for ED, and 99 patients no longer fulfilled 
the criteria for ED and were thus considered recovered (Glise et al., 
2020) (see Fig. 1 for flow chart). These 150 patients, which were either 
fulfilling or not fulfilling the diagnostic criteria for ED at follow-up, were 
included in the study cohort. The healthy controls were recruited from 
advertisement in newspapers, in social media, and at the region’s 
intranet. The inclusion criteria for the healthy control group were 1) 
healthy, and 2) 20–50 years of age. The exclusion criteria were (1) 
self-rated exhaustion disorder; (2) somatic or psychiatric disease; (3) 
pregnancy or lactation; (4) overconsumption of alcohol. Hence, the 
study population consisted of 100 healthy controls, 150 patients with ED 
at baseline and the same 150 patients at follow-up, 7–12 years later. 
Blood sampling was not possible in one patient at follow-up, hence the 
follow up group consisted of 149 former patients at the clinic. 

Those who consented to participate in the study after having been 
given a full oral and written description of the study procedure donated 
blood at baseline and at follow-up, i.e., 7–12 years later. Baseline sam
ples were collected in 2004–2010, and follow-up samples were collected 
in 2016–2017. Median time between baseline and follow-up were 9 
years and 5 months, and mean time between baseline and follow-up 
were 9 years and 4 months. The healthy controls only donated blood 
at one timepoint (baseline). Blood samples from the control group were 
collected in 2017–2018. Blood was drawn in 4 ml K2EDTA tubes 
(VACUETTE®) and centrifuged at 3500 rpm at + 4 ◦C for 15 min. The 
blood plasma was separated in 1 ml aliquots and stored at − 80 ◦C. 

2.2. Protein analysis 

Plasma NfL and GFAP concentrations were measured using 
commercially available kits on a Single molecule array (Simoa) HD-X 
Analyzer according to instructions from the kit manufacturer (Quan
terix, Billerica, MA). Plasma p-tau181 concentrations were measured 
using an in-house method described previously (Karikari et al., 2020). 
The measurements were performed in one round of experiments using 
one batch of reagents by a researcher who was blinded to clinical data. 
Intra-assay coefficients of variation were below 10 %. One sample with 
an abnormally high p-tau concentration (300 pg/ml) was considered an 
outlier and thus excluded from further analysis. 

2.3. Ethics 

All participants gave their written informed consent before entering 
the study. This study was performed in accordance with the Declaration 
of Helsinki and was approved by the Regional Ethical Review Board in 
Gothenburg, Sweden, which is a part of the Swedish national committee 

for ethical approval (Dnr 668–15 and 242–15). 

2.4. Statistical analyses 

Differences in demographic variables between the patients and 
controls were analyzed using independent samples t-test for continuous 
variables and Pearson chi-square for dichotomous variables. Differences 
in demographic variables between two timepoints within the same 
group were analyzed using paired samples t-test. 

Differences in protein concentrations between the ED group at 
baseline and the control group, between the ED group at follow-up and 
the control group, and between the group that was recovered and not 
recovered at follow-up were analyzed using general linear model, 
adjusting for sex and age. Differences in protein concentrations between 
the ED group at baseline and the same group at follow-up were analyzed 
using mixed models adjusting for age, sex, and time. Estimated marginal 
means for the proteins differ somewhat between the tables due to 
different adjustments in the models. Data not showing normal distri
bution were log-transformed before parametric tests. The statistical 
analyses were performed using the IBM SPSS Statistics version 25. 

3. Results 

3.1. Baseline characteristics 

There were significantly more women in the ED group than in the 
control group and the ED group was significantly older. Body mass index 
(BMI) did not differ between the control group and the ED group at 
baseline, but the ED group had significantly higher BMI at follow-up 
than at baseline. Marital status did not differ between the groups. The 
control group had a larger proportion of participants with at least 1 year 
of university education than the ED group. A significantly larger pro
portion of the patient group had depression, anxiety, and antidepressant 
medication compared with the control group. The proportion of patients 
with depression and anxiety was significantly larger in the ED group at 
baseline than in the same group at follow-up, while the proportion of 
patients reporting antidepressant medication did not differ between the 
two timepoints (Table 2). 

3.2. Protein analysis 

The plasma levels of NfL were significantly higher in the ED group at 
baseline than in controls (mean difference 0.167, 95 % CI 0.055–0.279) 
(Table 3), and significantly lower in the ED group at follow-up than in 
the same group at baseline (mean difference − 0.115, 95 % CI − 0.186- 
(− 0.045)) (Table 4). There was no significant difference in plasma levels 
of NfL between the ED group at follow-up and controls (Table 5). 

The plasma levels of GFAP were significantly higher in the ED group 
at baseline than in controls (mean difference 0.132, 95 % CI 
0.008–0.257) (Table 3). There were no significant differences in plasma 
levels of GFAP between the ED group at follow-up and the same group at 
baseline (Table 4), nor between the ED group at follow-up and controls 
(Table 5). 

The plasma levels of p-tau181 were significantly higher in the ED 
group at follow-up than in the same group at baseline (mean difference 
0.083, 95 % CI 0.016–0.151) (Table 4). There were no significant dif
ferences in plasma levels of p-tau181 between the ED group at baseline 
and controls (Table 3), nor between the ED group at follow-up and 
controls (Table 5). 

There were no significant differences in biomarker levels at follow- 
up between the group that had recovered from ED and the group that 
had not recovered (Supplementary table 1). Likewise, there were no 
significant differences in biomarker levels at baseline between the group 
that would go on to recover at follow-up and the group that would not 
recover (Supplementary table 2). 

Fig. 1. Flow chart of included patients.  
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4. Discussion 

The main finding of the study was that the patients suffering from ED 
had higher plasma levels of NfL than the healthy controls. At follow-up, 
7–12 years later, the plasma NfL levels of the ED group no longer 
differed from those of the control group. 

Even though the NfL levels were significantly higher in the patients 
compared with the controls during the first months of the disease, the 
mean plasma levels of NfL in the ED group were still within the normal 
range. In our study, 95 % of the healthy control group had plasma NfL 
levels < 10 pg/ml, which may be considered a reference value for that 
age group. The corresponding number for the patient group was 79 %, 
thus 21 % of the ED group at baseline had NfL levels above 10 pg/ml. 
The mean value for the ED group at baseline was around 8 pg/ml 
(Supplementary table 3), whereas plasma NfL levels above 100 pg/ml 
are found in neurodegenerative disorders such as amyotrophic lateral 
sclerosis (Ashton et al., 2021). Furthermore, in our study, the plasma NfL 
levels in the ED group at baseline were on average 1.4-fold higher than 
the plasma NfL levels in the control group. Comparatively, Alzheimer’s 
disease patients have on average 1.8-fold higher plasma NfL levels than 
controls (Ashton et al., 2021). The lower levels of plasma NfL in ED than 
in Alzheimer’s disease is likely due to the degree of axonal damage being 
less severe in ED than in Alzheimer’s disease. Hence, although there was 
a statistically significant difference between patients with ED and 
healthy controls in our study, our data do not support a massive neu
rodegeneration in ED. Increased levels of NfL have also been found in 
another stress-induced disorder, namely post-traumatic stress disorder, 
with higher NfL levels being associated with more severe PTSD symp
toms (Guedes et al., 2021). One possible mechanism for stress-induced 
neuronal damage and astrocytic activation could be via activation of 
inflammatory pathways. Chronic psychosocial stress has been associated 
with increased levels of inflammatory markers (Johnson et al., 2013). 
Chronic inflammation may lead to neuroaxonal injury, putatively via 
mechanisms such as oxidative stress, mitochondrial dysfunction, and ion 
channel dysfunction (Friese et al., 2014). 

NfL levels normally increase with age (Khalil et al., 2020). When 
adjusting for age, we found that the NfL levels had returned to normal 
levels at follow-up, indicating that the axonal injury seen at baseline do 
not persist over time. However, many patients still experience problems 
with memory, stress intolerance, extreme fatigue (Glise et al., 2020), 
and cognition (Ellbin et al., 2021) at this timepoint. Interestingly, a 
recent study on astrocytic and neuronal injury after COVID-19 found 
that plasma levels of NfL and GFAP were increased in severe cases of 
COVID-19. However, after 6 months the plasma NfL and GFAP levels had 
normalized, but many patients still experienced symptoms such as fa
tigue, “brain-fog” and changes in cognition (Kanberg et al., 2021). In 
multiple sclerosis, NfL levels normalizes in response to effective treat
ment. NfL is thus considered a marker of ongoing axonal injury (Teu
nissen and Khalil, 2012) and our data suggest that patients with ED have 
some degree of ongoing axonal injury in the acute phase of the disease. 

Table 3 
Protein concentrations in exhaustion disorder patients at baseline and healthy 
controls.   

Controls 
(n = 100) 

ED baseline 
(n = 150) 

Difference  

Meana SE Meana SE Meana 95 % CI 

NfL (pg/ml)b  1.734  0.040  1.901  0.039  0.167 0.055 – 
0.279 

GFAP (pg/ml)b  4.633  0.045  4.766  0.043  0.132 0.008 – 
0.257 

p-tau181 (pg/ 
ml)b  

2.207  0.036  2.226  0.034  0.019 -0.081 – 
0.119 

a Estimated marginal means adjusted for age and sex. 
b Log transformed before statistical analyses. 

Table 4 
Protein concentrations in exhaustion disorder patients at baseline and at follow- 
up.   

ED baseline 
(n = 150) 

ED follow-up 
(n = 149 *) 

Difference  

Meana SE Meana SE Meana 95 % CI 

NfL (pg/ml)b  2.099  0.037  1.983  0.035  -0.115 -0.186 – 
(− 0.045) 

GFAP (pg/ml)b  4.858  0.047  4.867  0.044  0.009 -0.076 – 0.094 
p-tau181 (pg/ 

ml)b  
2.239  0.031  2.323  0.029  0.083 0.016 – 0.151 

a Estimated marginal means adjusted for age, sex and time. 
b Log transformed before statistical analyses. 
*n = 148 for p-tau181 

Table 5 
Protein concentrations in exhaustion disorder patients at follow-up and healthy 
controls.   

Controls 
(n = 100) 

ED follow-up 
(n = 149 *) 

Difference  

Meana SE Meana SE Meana 95 % CI 

NfL (pg/ml)b  1.916  0.047  1.920  0.041  0.004 -0.131 – 
0.139 

GFAP (pg/ml)b  4.776  0.052  4.800  0.046  0.024 -0.125 – 
0.174 

p-tau181 (pg/ 
ml)b  

2.243  0.040  2.303  0.035  0.060 -0.055 – 
0.176 

a Estimated marginal means adjusted for age and sex. 
b Log transformed before statistical analyses. 
*n = 148 for p-tau181 

Table 2 
Characteristics of the study population.   

Control 
(n = 100) 

ED 
(n = 150) 

p-value 

Sex    <0.001 
- Women, % (n) 52 % (52)  78 % (117)  
- Men, % (n) 48 % (48)  22 % (33)  
Age     
- at baseline, mean (SD) 37 (9.1)  44 (9.6) < 0.001a 

- at follow-up, mean (SD) n.a.  53 (9.7) < 0.001b 

Body mass index     
- at baseline, mean (SD) 23.5 (2.8)  24.0 (3.3) 0.186a 

- at follow-up, mean (SD) n.a.  25.5 (4.0) < 0.001b 

Marital status    0.602 
- Married/cohabiting, % (n) 71 % (71)  74 % (111)  
- Not married/cohabiting, % (n) 29 % (29)  26 % (39)  
Education*    0.018 
- Higher education, % (n) 89 % (89)  77 % (115)  
- Lower education, % (n) 11% (11)  23 % (34)  
Depression     
- at baseline, % (n) 0 % (0)  72 % (108) < 0.001a 

- at follow-up, % (n) n.a.  21 % (31) < 0.001b 

Anxiety     
- at baseline, % (n) 0% (0)  79 % (118) < 0.001a 

- at follow-up, % (n) n.a.  27 % (40) < 0.001b 

Antidepressant medication     
- at baseline, % (n) 1 % (1)  29 % (44) < 0.001a 

- at follow-up, % (n) n.a.  28 % (41) 0.764b 

ED = exhaustion disorder 
n = number 
SD = standard deviation 
*Higher education is defined as at least 1 year of university/college education 
a Analyzed using independent samples t-test ctrl vs ED baseline 
b Analyzed using paired samples t-test ED baseline vs ED follow-up 
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At follow-up, the NfL levels are no longer increased, indicating that 
axons are no longer degrading. However, the axons that were affected in 
the acute phase of the disease may not recover, and the potential loss of 
axons may possibly contribute to the sustained symptoms. 

A recent study showed that patients with ED have significantly 
higher plasma concentration of GFAP-positive extracellular vesicles 
than healthy controls (Wallensten et al., 2021). This is in line with our 
study, where patients with ED had significantly higher plasma concen
tration of GFAP than healthy controls. Similar results have been found in 
animal studies, where chronic mild stress upregulates GFAP immuno
reactivity (Du Preez et al., 2021). However, the plasma concentration of 
GFAP in the ED group at follow-up was not significantly different from 
neither the patients at baseline nor from controls. Upregulation of GFAP 
is often used as a marker of reactive astrogliosis, which is a characteristic 
change in the morphology and function of astrocytes seen in many CNS 
pathologies including neurodegenerative disorders. Reactive astro
gliosis has been proposed to reduce the extent of neurodegeneration and 
limit the tissue damage in the acute phase of CNS injury. On the other 
hand, persisting reactive astrogliosis can reduce regeneration and 
functional recovery at a later stage (Hol and Pekny, 2015). Possibly, this 
could be a part of the reason why ED patients experience cognitive 
impairments many years after the onset of the disease. 

Long-term stress in midlife has been associated with an increased risk 
of dementia, especially Alzheimer’s disease, later in life (Johansson 
et al., 2010). While NfL is a general marker of neuronal injury, p-tau181 
is a specific marker of Alzheimer’s disease that can differentiate Alz
heimer’s disease from other neurodegenerative disorders. Moreover, 
plasma p-tau181 increases along the Alzheimer’s disease continuum and 
can be detected at very early stages of the disease (Karikari et al., 2020). 
We did not find any difference in p-tau181 levels when comparing pa
tients with ED at baseline and healthy controls. However, we found a 
small but significant increase in plasma p-tau181 in the ED patients at 
follow-up compared with the same group at baseline, even though we 
adjusted for age, suggesting that p-tau181 may increase over time in this 
group. It should be noted, however, that the p-tau181 levels in the ED 
group at follow-up was not significantly different from those of the 
control group and far from the plasma p-tau levels seen in Alzheimer’s 
disease (Karikari et al., 2020). The raw p-tau181 levels in our study were 
around 10 pg/ml (Supplementary table 3), which is in the same range as 
cognitively unimpaired adults in previous studies (Karikari et al., 2020). 

About one third of the patients in our study still fulfilled the diag
nostic criteria for ED at the long-term follow-up (Glise et al., 2020). 
However, we could not detect any differences in biomarker levels be
tween the group that were still exhausted at follow-up compared with 
the group that were no longer exhausted. Also, there were no differences 
in biomarker levels at baseline between the group that would go on to 
recover from ED compared with the group that would still be exhausted 
7–12 years later. These data indicate that the long-term ED is not due to 
increased neurodegeneration in these patients. Moreover, higher levels 
of these biomarkers at baseline do not predict disease status 7–12 years 
later. In contrast, both p-tau181 and NfL can be used to predict neuro
degeneration and cognitive decline in Alzheimer’s disease (Moscoso 
et al., 2021). 

Previous studies aiming to find biological alterations in ED/burnout 
have been inconclusive. Most studies have focused on the 
hypothalamus-pituitary-adrenal (HPA) axis, where the results are con
flicting, showing increased, decreased, as well as no difference in 
cortisol levels and other measures of activation of the HPA axis in pa
tients with ED/burnout compared with controls (Jonsdottir and Sjors 
Dahlman, 2019). Studies on other hormones, including thyroid hor
mones, prolactin, and growth hormone, as well as studies regarding 
immune function, and the growth factors EGF and VEGF, show the same 
conflicting results (Jonsdottir and Sjors Dahlman, 2019). However, 
lower levels of brain-derived neurotrophic factor (BDNF) have been 
found in patients with ED/burnout compared with healthy controls in 
several studies (He et al., 2017; Onen Sertoz et al., 2008; Sjors Dahlman 

et al., 2019). BDNF is a neurotrophic factor, which promotes hippo
campal adult neurogenesis (Lee et al., 2002). BDNF has also been pro
posed to render neuronal cells resilient to neurodegeneration 
(Colucci-D’Amato et al., 2020). Stress reduces BDNF expression in the 
hippocampus (Smith et al., 1995) and inhibits hippocampal adult neu
rogenesis (Gould et al., 1997). Stress-induced reduction of hippocampal 
adult neurogenesis has been proposed to be the biological and cellular 
basis of altered brain plasticity resulting in stress-related syndromes like 
burnout (Eriksson and Wallin, 2004). These studies, together with the 
results from the present study, suggest that patients with ED may have 
increased neurodegeneration and decreased neurogenesis, which may 
contribute to the symptomatology of ED. 

Furthermore, several imaging studies have shown cerebral changes 
in patients with ED compared with controls. Amygdala has been found 
to be enlarged, the caudate volumes decreased, and the mesial frontal 
cortex thinner in patients with ED compared with healthy controls 
(Savic, 2015). Moreover, patients with ED have reductions in the gray 
matter volumes of the anterior cingulate cortex and the dorsolateral 
prefrontal cortex, and reduced volumes of caudate and putamen (Blix 
et al., 2013). A longitudinal study found that patients with ED have 
enlarged amygdala volumes, reduced caudate volumes, and reduced 
thickness in the prefrontal cortex and superior temporal gyrus. After 1–2 
years the thinning of the prefrontal cortex and reduction of the caudate 
volume had normalized, while the amygdala enlargement and the su
perior temporal gyrus thinning remained (Savic et al., 2018). Also 
functional alterations have been found in ED. Patients with ED have an 
altered functional connectivity between the amygdala and the medial 
prefrontal cortex (Golkar et al., 2014; Jovanovic et al., 2011) and a 
reduced functional activity in the prefrontal cortex (Skau et al., 2021). 
Taken together, these cerebral changes have raised the question whether 
the brain has been injured in ED and, in that case, if the injury is 
reversible or permanent. A recent study on TBI showed similar results to 
our study; blood levels of NfL and GFAP were increased compared with 
controls, while there was no change in tau. Moreover, the NfL levels in 
mild TBI were in the same range as in our ED cohort (Shahim et al., 
2020), suggesting that the extent of neuronal injury in ED may be 
comparative to the extent of neuronal injury in mild TBI. Supportively, 
patients with ED and mild TBI show many similarities. Both patient 
groups show altered functional activity in the frontal cortex during 
cognitive testing compared with controls, and the experimental pro
cedure resulted in reduced mental energy in both patient groups, but not 
in controls. Moreover, both patient groups report the same degree of 
mental fatigue in daily life, and the mental fatigue levels in the patient 
groups are significantly higher than in the control group (Skau et al., 
2019, 2021). However, while the NfL levels in our study had normalized 
after 7–12 years, the NfL levels in mild TBI were still significantly 
increased compared with controls after 5 years (Shahim et al., 2020). 
These results suggest that patients with ED initially have a neuronal 
injury comparative to that in mild TBI, but there is no permanent neu
rodegeneration in ED. 

4.1. Methodological considerations 

A major strength of this study is its longitudinal design and relatively 
large number of patients. A limitation is that we have not controlled for 
the potential influence of medication on plasma protein levels. The main 
reason is that the healthy control group were not on any medication. 
However, within the patient group, the plasma levels of the studied 
proteins did not differ between users and nonusers of SSRIs, SNRIs, or 
other antidepressants. Another possible confounder is previous history 
of TBI and/or concussion. Previous history of TBI and/or concussion was 
assessed using self-reported data from the follow-up clinical assessment. 
Out of the 150 patients with ED, 41 patients had a previous history of 
concussion, 108 patients had no previous history of concussion, and for 
1 patient this information was missing. This information was not 
assessed for the controls; therefore, this possible confounder could not 
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be adjusted for in the models. However, to investigate whether the 
observed differences in NfL and GFAP were due to previous history of 
concussion, we compared the biomarker levels between the patients 
with previous concussion and the patients without previous concussion 
and found no differences between the groups. It should also be 
mentioned that although GFAP is predominantly expressed by astrocytes 
of the CNS, GFAP can also be expressed by other cell types (Uhlen et al., 
2015), (https://www.proteinatlas.org/ENSG00000131095-GFAP/ 
single+cell+type). Blood samples from the control group were 
collected in 2017–2018, from the ED group at baseline in 2004–2010, 
and from the ED group at follow-up in 2016–2017. Hence, the blood 
samples from the ED group at baseline were stored several years longer 
than the blood samples from the other groups. However, the blood 
samples were stored at − 80 ◦C (in accordance with (O’Bryant et al., 
2015)), and had never been thawed before the protein analysis, reducing 
the risk of protein degradation. Finally, the patients in this study have 
been referred to a specialist clinic for ED. Hence it is possible that they 
represent more severe cases of ED compared with patients with ED in 
primary care. Thus, the results of this study should be validated in a 
more heterogenous cohort of patients preferably in a primary care 
setting. 

5. Conclusion 

In conclusion, here we show that plasma levels of NfL and GFAP were 
increased in patients with ED during the first months of the disease, 
indicative of axonal and glial pathophysiological processes, but had 
normalized at long-term follow-up. 
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